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ABSTRACT

The variations of several electrical properties of
nickel cadmium cells with state of charge were studied to
determine the suitability of any of these for measuring state
of charge. Three methods were originally proposed: measure-
ments of ohmic resistance, microsecond transients and double
layer capacitance. During the investigations two additional
parameters were measured, a. c. impedance and phase shift.

Double layer capacitance and a. c. impedance and
transient behavior are not useful properties for determining
state of charge.

A phase shift system is described which when properly
calibrated predicted state of charge with an average deviation
of + 10%. Ohmic resistance measured under correct conditions
showed a closer correlation to state of charge but is difficult
to measure.

PUBLICATION REVIEW

The publication of this report does not constitute
approval by the Air Force of the findings or conclusions contained
herein. It is published for the exchange and stimulation of ideas.
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1. INTRODUCTION

The purpose of the work reported here has been to investi-
gate several proposed methods of measuring state of.charge of Ni-Cd
batteries. These investigations were to lead to a breadboard state-
of-charge indicator. This report covers the contract period from
commencement in February 1962 to January 1963. The required bread-
board design has been completed and preliminary evaluation tests show
that the device can predict the remaining capacity in batteries
that have been used recently as well as batteries that have been
stored for some time. For favorable conditions, an average error
of + 10% has been consistently obtained.

There have been several previous efforts to find a method
for measuring state of charge of Ni-Cd batteries. Recent efforts
have included studies of (i) dyes, (ii) charge and discharge charac-
teristics and (iii) impedance at audio frequencies by Fleischer, (1)
and (iv) a very extensive study of charge-discharge tests by Kordesch
and Kornfeil.(2) Fleischer concluded that none of the techniques he
studied were acceptable state-of-charge indicators. Kordesch and
Kornfeil devised a means of measuring the polarization resulting from
charge or discharge without the effect of the internal ohmic resistance
of the cell. Kordesch incorporated this technique into a battery
tester based on charge-discharge characteristics.(3) Prototypes of
this tester were built by the Vitro Corporation and were put through
extensive tests by Gulton Industries under contract to the Signal
Corps (Contract No. DA 36-039 SC-85066). The conclusion reached at
the end of thos tests was that the device was not an acceptable
battery tester.Z4 To be acceptable, a device would generally have
to:

1) Have an accuracy of + 5% (although a larger error
might still prove very useful).

2) Not discharge the battery appreciably during the
measurement.

3) Give a reading independent of cell history.

4) Be operable by an unskilled person and not require
more than a few minutes for a measurement.

Since the simplest access to a cell and the only access
to a sealed cell is via the terminals, it would be most desirable to
find some electrical property of a cell, one that could be measured
at the terminals, that depends on state of charge. For this reasoa,

Manuscript released by the authors January 1963 for publication
as an ASD Technical Documentary Report.



1. INTRODUCTION

The purpose of the work reported here has been to investi-
gate several proposed methods of measuring state of charge of Ni-Cd
batteries. These investigations were to lead to a breadboard state-
of-charge indicator. This report covers the contract period from
commencement in February 1962 to January 1963. The required bread-
board design has been completed and preliminary evaluation tests show
that the device can predict the remaining capacity in batteries
that have been used recently as well as batteries that have been
stored for some time. For favorable conditions, an average error
of + 10% has been consistently obtained.

There have been several previous efforts to find a method
for measuring state of charge of Ni-Cd batteries. Recent efforts
have included studies of (i) dyes, (ii) charge and discharge charac-
teristics and (iii) impedance at audio frequencies by Fleischer, (1)
and (iv) a very extensive study of charge-discharge tests by Kordesch
and Kornfeil.(Z) Fleischer concluded that none of the techniques he
studied were acceptable state-of-charge indicators. Kordesch and
Kornfeil devised a means of measuring the polarization resulting from
charge or discharge without the effect of the internal ohmic resistance
of the cell. Kordesch incorporated this technique into a battery
tester based on charge-discharge characteristics. (3) Prototypes of
this tester were built by the Vitro Corporation and were put through
extensive tests by Gulton Industries under contract to the Signal
Corps (Contract No. DA 36-039 SC-85066). The conclusion reached at
the end of thos tests was that the device was not an acceptable
battery tester.(4j To be acceptable, a device would generally have
to:

1) Have an accuracy of + 5% (although a larger error
might still prove very useful).

2) Not discharge the battery appreciably during the
measurement.

3) Give a reading independent of cell history.

4) Be operable by an unskilled person and not require
more than a few minutes for a measurement.

Since the simplest access to a cell and the only access
to a sealed cell is via the terminals, it would be most desirable to
find some electrical property of a cell, one that could be measured
at the terminals, that depends on state of charge. For this reason,

Manuscript released by the authors January 1963 for publication
as an ASD Technical Documentary Report.



the approach used in this work was to study those electrical charac-
teristics of cells that were shown to vary with state of charge. Many
such properties were found, but for reasons involving their measurability,
consistency and form of variation, most of these properties were un-
suitable. Many electrical characteristics are appreciably different
for fully charged and discharged cells, but remain nearly constant as
a cell is discharged from 100% to 20% of capacity, most of the change
occurring abruptly between 20% c arge and complete discharge. Two of
the properties studied were found to vary with state of charge in such
a way that useful information could be obtained. These were the phase
shift and ohmic resistance to be discussed in Sections 6 and 7.

The work was divided, logically and chronologically, into

three general phases:

1) Observe any properties that vary with state of charge.

2) Devise equipment to measure these properties.

3) Using 2, examine the variation closely, noting in
particular,

a) How small a change in state of charge is
detectable

b) How consistent is the variation? From cell
to cell? Cycle to cycle?

Following this approach, five properties of cells were

studied carefully:

1) Phase shift of cell voltage compared to current

2) Internal resistance during a short, high current
pulse

3) Double layer capacitance

4) Height of transient following a sudden change
in current.

5) Impedance at audio frequencies

The last three were eliminated after experiments showed that these
properties did not depend of state of charge in a consistent, useful
manner. Detailed studies of the Birst two properties account for
the largest part of the exploratory phase of this wark. The variation
of phase shift was first observed while the impedance was being
measured. Its dependence on state of charge was then established
empirically.

2



Although the term "state of charge" is videly used in
battery literature, the residusl capacity -. the actual number of
ampere.bours available from the battery at a particular time -. is
a more useful number because it san be measured directly by simply
discharging the battery. In this report the results of measurements
and predietions of battery condition are given as residual capacity
In ampere-hours. Because the term occurs so frequently, the authors
have taken the liberty of using the abbreviation RC.

-3-



2. ANALYSIS OF ELECTRICAL PROPERTIES

A brief theoretical discussion of the electrical
prcperties of Ni-Cd cells is now given to show the relation of the
various properties studied. The electrical model shown in Figure 1
has a sine and transient response close to that of a cell and, there-
fore, is a good heuristic device for providing an understanding of
cell properties.

The circuit of Figure I can be arrived at on purely physi-
cal grounds by considering the half-cell in Figure 2. Let there be
a current flowing into the negative terminal and through the electro-
lyte to some other electrode. The current first encounters resistance
and inductance due to the terminal hardware and electrode material.
Next the current sees a rise in potential between the electrode and
the main body of the electrolyte. In the electrolyte, the current
encounters more resistance. There is a capacitance between the elec-
trode and the layer of charged ions in the electrolyte near the elec-
trode. This is the double layer capacitance. The dashed line parallel
to the electrode in Figure 2 indicates the effective position of the layer,
though it is really diffuse. The double layer can be considered as a
capacitance with one end connected to the electrode and the other end
somewhere in the electrolyte. Following the discussion above, the
half-cell equivalent circuit in Figure 2 (a) was drawn. In the same
manner, a mirror image circuit can be obtained for a positive elec-
trode in the same electrolyte. These will connect as in Figure 2(b).
Combining all similar series elements, e.g. adding all series resistors
to form one larger resistor, yields the circuit in Figure 2 (c). If
the time constants of the two RC sections are nearly the same, these
can be combined into one RC section yielding the equivalent circuit
in Figure 1. The resonant frequencies of the positive and negative
electrodes compared to an Hg/HgO reference were measured and found to
be of the same magnitude so this is a satisfactory approximation.

Certainly the above discussion is descriptive, not rigorous.
Its justification and utility lies in its ability to explain the
sinusoidal and transient properties of a cell. The element values
can be found from high and low audio frequency measurement. For a
V04 nickel-cadmium cell, these values are, approximately,

L - 10-6 H

R - 10-3 Ohms

R - 10-3 Ohms

C - lOF

E - 1.3 V.

Using these values, the approximate resonant frequency
can be predicted.
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The impdanee of the equivalent ciremit is givem byt

Z " RL +*,W.L + '" (1)

0 C

$epareting reel anA Imginary parts

2 2

Z2L L/2 C 2 D L]

2
RC + 2 2

For resonane, the imaginary part of Z is zero, so

'CR2 Re2 L + L (3)
(WC W0 2

u 2 - Rc 2C - L (4)

22

Lje~ B A 4

Resonant frequency, f _ 1 (5)

Substituting the orders of magnitude given for the components above,

T __R:5- 10-6 " 50 cps (6)

Aotual resonant frequencies for 4 A-H oells were measured from
60 to l•0 cps. Clearly this Is vithin the accuracy of the order of
magnitude calculation.
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The transient behavior observed when a cell is short
circuited can also be predicted from this circuit. The actual cal-
culations are lengthly and not relevant in this report so the result
will be given without derivation. The current, I, when a cell is
short circuited is given by,

-bt)
I W E (1 - e - (7)RL + Rc

Figure 3 is a schematic representation of the various
switch circuits used to measure cell transients. When S is open,
the oscilloscope sees the open circuit cell voltage. When S is
closed, the current I rises according to the equation above. The
voltage displayed is I%, whete N is the resistance of the switch
when it is closed. After S is closed this voltage drops to zero
then rises exponentially as I rises. The voltage does not rise
to the open circuit voltage because of the drop across R and R
and polarization. This is just the transient behavior observed in
Figure 4.

The state-of-charge dependence of the five electrical
properties mentioned in the Introduction will now be discussed in
detail.

6



At any solid-liqu•d interfaeo the exists a double
charged layer. On the solid, the electrode in our easethe charge
Is gotten either by absorption or Ionization. Ions of opposite
charge are distributed nar the electrode and are bold there by
an electrostatic attraction. The layer of charp in the solution
is not diserete, but is diffuse. By a&usming that there is a
plane representing the locus of the charges in this diffuse layr
the double layer Is "on. fince the electrodes vith vhieh we are
dealing are flat plate@ the capacitance per unit area is given by:

Ck (8)

In sintered plate nickel-cadmium cells this capacitance is very

large, in the order of 10 Farads for a V04 call.

The voltage across the double layer is given by:

V 7 (9)
k

so that one my vrite the vell-knovn equation,

V U - 0 (10)
C

Multiplying the surface charge and the capacitance per unit area
by the total surface area and differentiating, one obtains,

I
dv/dt (11)

This equation vas the basis for measurement of the double layer
capacitance in these experiments. A know discharge curreat was
passed through the cell and the time rate of change of voltage
vas measured. Because F is very large this slope Is sm•ll even
for large currents. Furthermore, the time interval during which
the slope can be weasured is fixed at about 3 nilliseconds because
th measurement must be made after the transient has decayed and
before polarization sets in further depressing the voltage.

7
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The voltage desay and current were measured simultaneously
using a Tektroaix 5M dual beam oseilloseope. A resistive Load ws
placed aeroes a cell by seas of a switch and the easuing current and
voltee decay vere photographed with an oscilloscope camera. To
determine I from the osaillogrpa, the aero current level had to be
recorded as well as the ourrent after the resistor was connected
across the cell. This was accomplished by triggering the oscilloscope
before the switch was closed. The switch shown in Figure 5 was f•rst
used for this measurement. The small spring contact triggered the
oscilloscope before the main contacts closed. Thus, the short trae
before the current flowed indicated the zero current level. For the
small slope found - about 0.3 mV/msee - the noise superimposed on the
voltage trace because of contact bounce in the switch caused a large
error. To produce a cleaner pulse and provide a more controllable
trigger palse, an electronic switch, shown in Figure 6, was built.
This switeh used a silicon controlled rectifier, (MCR) to turn on
the current. The oscilloscope was triggered 0.2 millisecond before
the gate was applied to turn on the 8CR. Once the 80 is turned on,
the sell discharged until the circuit was opened.

Using this electronic switch, the current and voLtage
displays were completely free of noise and ripple. Th photograph
in Figure 4 was made with this switch. The elimination of noise in
the trace halved the errors in determining the double layer capael-
tance. Furthermore, to take full advantage of the quality of the
oscilloscope trace, the camera was critically focussed and the
oscillograms were measured under magnification. Thus, double layer
capacitance measurements were made in three stages namely:

1) Mechanlcal knife switch

2) Electrical switch

3) Electrical switch and critical camera focussing
plus measurements with magnification.

Each stage halved the error of the previous one. Typical data
are given In Table i. With the best technique, the capacitance
could be measured to about 1 Farad.

The double layer capacitance, F, varies as shown in Figure 7.
For 4 A.. cells, F varied from a maximum of 23 Farads for a fully
charged cell to 3 Farads for a discharged cell. The slope of capacitance

8



vs. 3 is not as largs as this vould indiates, though, because r for
any one eell did not vary from 3to 23 Fred. e actualslope of
F vs. 30 is about 3 F/A-K. With an estimted uneertainty of I Pared
In measuring Fj, the RC should be determined vithin 1/3 A-W. Novever,
variations from cell to cell and ycyle to esela vere so great that
little vas learned about RC by measuring the double layer eajicitance.
For eell No. 21 in Figure 7, for example, F vas 23.5 at 5 A-N for one
cycle and 23.5 at 2.8 A-H on the next eyule. Figure 8 spsin shows
the displacement of the T vs. R0 curves for two cycles.

Although the errors in measuring the double layer eapasi-
tance vere halved by each of two improvements in the masnrlig tech-
aique, no Improvement in the ability to predit state of charge
resulted beecuse of large variations among cells and cycles. As a
result, double layer capacitance can not be used to indieate state
of charge.

9



4. TANSIT RBA HMIGT

When a current is suddenly passed through a cell the
terminal voltage shows an initial transient which decays in a few
mUlliseconds. This behavior was predicted in Section 2 for short
circuit currents and demonstrated in Figure 4. A decrease in
transient peak height with decreasing RC was observed so investi-
gations were started to see if the transient could indicate state
of charge.

The transient peak height was measured from photographs
of oscilloscope displays of voltage and current. Figure 4 shove
such an oscillogram. Two parameters of the transient were measured.
The first was the voltage difference between the open circuit
voltage and the minimum voltage, P1 in the figure. The second was
the voltage difference between the minimum voltage and the maximnn
return voltage, P2 in the figure. The electronic switch used to
produce the discharge is shown in Figure 6. This switch does two
things:

1) Triggers the oscilloscope Just before the pulse
begins.

2) Connects a resistor across the cell thereby drawing
current and producing the pulse.

No additional batteries were used to drive the current through the
cell so any effects observed were due to the cell itself. The switch
produced a smoothly rising current with a rise time of less than
0.1 milliseconds. The current was generally about 7 Amps, the
transient peak height in the range of 20 millivolts.

Neither interpretation of the peak height of the transient
showed a reliable dependence on state of charge. Many cells showed
a marked Increase in both PI and P2 with increasing residual capacity
while some shoved no change, or, in a few cases an opposite change.
Data for one cell could not always be reproduced several cycles later.
Transient peak height P1 at various values of RC are shown in Figure 9.
Figure 10 shows the variation of P1I from cell to cell and from cycle
to cycle. P2 shows a more random distribution.

Since no reproducible variation of transient peak height
with state of charge was found, this technique cannot be used in a
state of charge indicator.

10



5. IMPEDANCE AT AUDIO FREQUENCIES

The effective internal impedance of a cell, i.e. the
change in terminal voltage due to a change in current through the
cell, can be considered as a sum of an electrical impedance and a
chemical impedance. The chemical impedance is, in turn, made up
of the concentration polarization, activation polarization and
double layer charging. The electrical impedance is produced by the
plate materials, hardware and terminals and is expected to depend
on the state of charge since the resistivity of the active materials
in the plates is different from that of the inactive materials. In
particular, Cd is a good conductor and Cd(OH)2 is a poor one. There-
fore, measuring the ohmic-electrical-component of the internal resis-
tance could indicate the state of charge.

TECHNIQUE

Two techniques were used to measure impedance. The first,
known as the direct method, is simply the application of Ohm's Law.
The cell voltage and current are measured simultaneously; the impe-
dance is the voltage divided by the current. Much higher precision
was obtained using the second technique, a bridge. The apparatus is
shown in Figure 11. It is an a.c. version of the Kelvin Double Bridge.
Current is passed through the cell (Q Amp. p-p) via one set of leads
and the voltage is sensed with a separate set of leads. The voltage
across the slide wire is balanced against the cell voltage to obtain
a null. Once the bridge is calibrated, the length of the slide wire
uses, S, varies directly with the cell impedance. Using a one meter
wire with knife contacts to adjust the length S, impedance was measured

+.05 milliohms.

RESULTS

Figure 12 shows that at 100 cps, a fully discharged cell
(1.0 V end point at C/2 rate) had an appreciably higher impedance
than a charged cell. However, at 1Kc and higher, there was no detect-
able difference in impedance. For this reason, bridge measurements
were made of impedance of three V04 cells at frequencies from 50
to 500 cps for varying states of charge. These data are given in
Table 2. For V04 cells containing more than I AH no predictable
dependence of impedance on state of charge was found. Figure 13 is
a plot of data for the three V04 cells at 100 cps. The short hori-
zontal lines indicate the uncertainty in impedance. Note that the
random variation of impedance is well outside the range of error with
the exception of a marked rise in impedance at zero residual capacity.
These results agree with those found by Fleischer.

11



ine.e Impedance wasuremnts apparently Indicate only
whether a cell has more or less than 20% eapaityt impedanoe is
not a useful indicator of state of cbarge.

12



6. PEA Iri

During the investigation of the Impedance of cells at
audio frequenles, a phase shift produced by the cells was observed.
When the Impedance was measured by the direct methods the meagitude
of Z, the impedanee, was determined by dividing the magnitude of the
voltage by the magnitude of the current, but the voltage and current
were not in phase. Furthermore, the difference in phase was found to
vary with state of charge. Because observing a phase shift of sero,
i.e. resonance, was easier than actually measuring an unknown phase
angle with the equipment available, the resonant frequency was measured
and this, too, was found to depend on state of charge. Let us now
carefully define these terms for this particular applieation:

Phase Shift - difference in phase between the sinusoidal
component of cell voltage and the sinueoidal
current through the cell. The shift is taken
as positive when the voltage leads the current.

Resonant Frequency - frequency at which the phase shift is zero.
The peak in voltage or current usually asso-
ciated with resonance is not found here because
the resonance is very highly damped.

Accurate measurements of the resonant frequency were diffi-
cult because the Q of the cells was very low, i.e. the phase shift
varied slowly with frequency so the exact minimum in phase shift was
hard to find. Measuring the phase shift at a particular frequency
proved to be more accurate once the proper equipment was obtained.
Phase shift measurements are more desirable than resonance measurements
from the point of view of building apparatus because the phase seasure-
ments are made at one frequency only. Therefore, the various oscillators,
amplifiers, filters, and other components in the apparatus have to
operate at only one frequency greatly simplifying their design.

Phase and frequency measurements, in general, have an ad-
vantage over meaurements of the magnitudes of voltages or currents.
When measuring smell voltages, for example, interference and losses
due to poor contacts and long lea produce large errors. However,
when measuring phase or frequency, only a time must be measured so
changes in the megnitudes of the signals cause no errors.

RiLMM AMA

Figure l4 shove the apparatus used to determine the resonant
frequency. The voltage across the shunt is in phase with the current.
When the sine component of the cell voltage, v, is out of phase with
the current it is also out of phase with the voltage across the shunt,

13



V. For this situation the trace on the oscilloscope is an ellipse.
At the frequency for which the cell oroduces no phase shift, V and v
are in phase and the ellipse degenerates to a straight line. A phase
difference of about 1/2" could be detected under the best conditions.

To determine the resonant frequency, the frequency of the
oscillator was changed until the ellipse became a straight line. The
error in determining the resonant frequency was + 5 cps.

PHASE SHIFT APPARATUS

Preliminary phase measurements were made at frequencies
of 60, 400 and 1000 cps. The apparatus used for the 60 cycle measure-
ments is shown in Figure 15. The voltage across the cell is fed to
the vertical input of the oscilloscope. The voltage across the resistor
is fed through a phase shift circuit to the horizontal input. When
the oscilloscope trace is a straight line, indicating zero phase angle,
the shift produced by the phase shifter must be equal and opposite to
that produced by the cell. For 60 cycles, which is below the resonant
frequency, a monotonic variation of phase shift with state of charge
was found. For 400 and 1000 cycles, both above the resonant frequency,
the variation was not monotonic.

Because the results obtained with the apparatus in Figure 15
were encouraging, a system was built to make more accurate phase shift
measurements. This consisted of a Waveforms 401C oscillator to provide
any required frequency and an Ad-Yu 405 Precision Phase Meter to measure
phase shift. Several amplifiers and small parts were also required to
provide the proper signals. After several changes in design the system
in Figure 16 was evolved. This system provided a current whose fre-
quency could be set within 1%, and measured phase shifts within 0.250.

The alternating current from the output of the audio ampli-
fier passed through the cell. The amplitude and frequency were adjusted
using the controls on the oscillator. Probes touched to the cell termi-
nals fed the cell voltage through a D.C. blocking filter to a balanced
pre-amplifier then to the phase meter. The voltage across the 4 Ohm
non-inductive resistor (capacitance can be neglected for such a low
value resistor) in series with the cell was also fed to the phase meter
as a reference since that voltage was in phase with the current through
the cell. The phase meter read the difference in phase between the cell
voltage and the current.

This phase shift was the combined shifts of the cell and
all the leads and components in the system. The shift produced by
everything except the cell was determined by substituting a 1.0
milliohm shunt for the cell and reading the phase shift. The shunt
was known to produce no measurable shift. The required phase angle
was the difference between that read with the cell and that read with
the shunt. In the later portions of the work when all the measurements
were restricted to one frequency, the RC network labelled "Phase Shifter"
in Figure 16, was added. This network introduced a phase shift equal
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but opposite to the shift of the system at 40 cycles. Therefore#
at 40 cycles, the mster read cell phase shift directly.

The details of operating the final breadboard version
of the phase shift system are given in Appendix I.

For cells of 4 and 9 A-H capacities a current of 1 A
p-p gave a sufficient signal ( IV. p-p) at the output of the pre-
amplifier to operate the phase meter within its rated accuracy.
Frequent adjustment of the phase motor was required when it was first
used but# as the device has aged, the intervals between re-adjustments
have extended to about a week. The adjustment takes about 20 minutes.
The Ad-Yu Co., manufacturer of the phase aster, claim that these
adjustments are necessary for the low input levels because of tube
aging.

The resonant frequency was found to vary with state of
charge. However, the range of values of RC at a particular resonant
frequency was about 25% of the nominal capacity. This means that if
the resonant frequency were used to predict RC there would be an
uncertainty of 25$ in the prediction. At first it was thought that
the spread of values might be due to variations among cells and that
once a cell was known to yield high or low values of resonant frequency
the necessary corrections could be added to the resonant frequency to
yield consistent, accurate results. However, more extensive data
shoved that the variations are random. Approximately the same range of
values was obtained by recording several cycles on one cell or one
cycle on each of several cells. Note that the spread of values in
Figure 17 which shows several cycles on four cells is not greater than
that in Figure 18 which shove eight (8) cycles on only one cell.

Phase measurements at various states of charge were made
at fixed frequencies of 10, 60, 100, 120 and 200 cycles. Figure 19
sabos the phase shift at each of these frequencies versus RC. For
the 40 cycle curve, the spread of paints above and below the curve
is about 0.3 A-H. This is an uncertainty of 8% since the sells have
a nominal capacity of 4 A-H. Because the change of phase shift with
RC is larger for 40 cycles then for the other frequencies, further
tests were run at 40 cycles only. This simplified the measuring pro-
endure and, of course. would simplify construction of future measuring
system; the VFO and amplifier co4d be replaced by a 40 cycle power
oscillator and all the other components would have to operate at 10
cycles only. Forty (40) cycle phase shift measurements for six (6)
cycles on each of three cells are shown in Figure 20. The spread
in RC at a particular phase shift is 15%. Having established the
variation of 40 cycle phase shift with RC, the applicability of
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this technique to a practical state of charge indicator had to be
determined. This involved finding the exact dependence of phase
shift on RC, determining the uncertainty in RC at a given phase
shift and testing the reproducibility of the data for batteries
with varied histories.

Up to this point, measurements were made on cells because
it was felt that the simplest systems should be studied first. A
practical state-of-charge indicator, of course, would be used on
batteries so the problem of testing an entire battery was considered
in the light of the cell data. When testing a battery of any number
of cells, the 40 cycle current leads were attached to the main bat-
tery terminals, but the voltage of each cell had to be picked off
at the terminals of that cell. Thus, an operator would connect one
set of current leads, then read the shift of each cell in turn. This
is necessary because the phase angle of a sum of sinusoidal voltages
depends not only on the angle of each voltage, but on their relative
amplitudes, the larger signals, from cells with higher 40 cycle
impedance, dominating the total signal. To demonstrate this, three
cells were connected to form a 3.9 V battery. The total phase shift
showed no significant relationship to RC or to the phase shift of
each cell. However, the angles read for each cell were the same
before and after assembly into the battery. Apparently data on cells
can be applied directly to batteries made up of the same type of cells.

CALIBRATION

To determine RC using the phase shift method, a curve of
RC versus phase shift was made. This curve calibrates the phase meter
in terms of RC. Referring to the calibration curves, Figure 21 for
room temperature, and Figure 22 for 19"C and 30"C, RC is determined
by locating on the abscisia the phase shift indicated by the phase
meter, then finding the corresponding ordinate for the drawn cali-
bration curve. This ordinate is the RC of the cell tested, within the
errors of the method.

Before going on, a definition of the RC of a battery is
required. The severest definition is that which states that the
RC of a battery is the RC of the weakest cell in the battery. This
definition has been adopted here. Since phase shift increases
(considering sign) with increasing RC, the smallest phase shift
is used to predict the RC of the battery. Thus, when phase shift
versus RC data are given for a battery, the phase shift is the smallest
measured among the cells of the battery and the RC is the residual
capacity of the weakest cell.

The calibration curves were determined from actual measure-
ments of RC st many values of phase shift. The curves shown in Figure 21
were determined from measurements made at room temperature, approximately
250C, while those in Figure 22 were made at carefully controlled temperatures.
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Since the phase shift is temperature dependent, batteries were allowed
to stand for at least 4 hours following charge or discharge before
their phase shifts were measured. Temperature measurements on an
insulated V04 cell showed that several hours are probably required
for a battery of V04 cells to come to room temperature after a 2A
charge.

For the data in Figure 21, the phase shift of a cell or
battery -- the smallest shift when a battery was used -- was measured
after the cell or battery was charged to approximately the desired
state of charge and left on open circuit for at least four hours to
cool. After the phase shift was measured a discharge was run at
the C/2 rate to I.OV end point to determine the actual RC. Measure-
ments were made at states of charge from 0-100% by varying the number
of ampere-hours put into the test battery. The calibration curve was
drawn as the best smooth curve fitting the measured points. This
procedure would be followed when calibrating the indicator for any
type of battery.

For the second set of curves, Figure 22 at fixed temperatures,
the batteries were in a temperature controlled oil bath, and the wait
between the charge and the phase measurement was increased to 10 hours
to insure accurate temperature equilibrium. The spread among the curves
at various temperatures shows that the phase shift is definitely tempera-
ture dependent. However, for moderate fluctuations in room temperature,
say from 22"C to 28*C (approximately 10F), a single curve at 250C
would not appreciebly increase the error in predicting RC.

The phase shift measuring system and the associated cali-
bration curves form a complete laboratory residual capacity indicator.
Preliminary tests to determine the limitations on the device and the
accuracy of its predictions are described next.

TESTS

The accuracy of the RC measurements is simply the difference
between the actual RC and the predicted RC. The scatter of points on
the RC versus phase shift plots used to arrive at the calibration curves
indicates the expected uncertainty in predicting RC from these curves.
As shown in Figure 23, the maximum deviation of points from the cali-
bration curve is about 25% of the RC indicated by the curve. These
points are extremes; all data lie within these limits. As will be
shown later, the errors encountered in predicting RC fall well within
these limits. For manually cycled 6 V04 batteries, the average deviation
was 9%.

The tests were divided into five groups. Each group was
designed to evaluate the accuracy of the phase shift method of pre-
decting RC under a different set of conditions. The first three tests
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were to determine whether the accuracy of this method depends on
history. These tests are described below. Data and inteppretation
follow the descriptions.

1. Batteries on,.mmnnalay.a Batteries were charged at
various rates and for various times. Then HC was pre-
dected with the indicator. The actual RC was determined
by a timed discharge at the C/2 rate to 1.0 V.

2. Battery on shelf sands Batteries were put on shelf
stand fully charged, at room temperature and at 50eC
(122*F); for periods ranging from 7 to 32 days. After
the required stand, the RC was predicted with the phase
shift indicator. The actual RC was determined by a
timed discharge at the C/2 rate.

3. Batteries on astomatie cycle. Four 6 VO4 batteries were
put on automatic cycle. The cycling was interrupted
approximately every 50 cycles and RC predicted with
the irdicator. Again, actual RC was determined by timed
discharge at the C/2 rate. The cycle routine was:

Discharge 2 h at 1.0 A - -2.0 A-h

Charge 4 h at 0.60 A . +2.4 A-H

Depth of discharge . 50%

The first 24 cycles were slightly different (charge 4 h at 0.70 A)
but the end of charge voltages were too high so the charge rate was
reduced. For the cycle routine given here, end of charge voltages
were typically 1.42 and end of discharge voltages were typically 1.22.
To obtain the most information from the given number of batteries and
a given number of cycles, the batteries were removed for test at various
times during a given discharge cycle. Thus, each battery came off
automatic cycle at a different state of charge. Furthermore, any one
battery was removed at a different state of charge each time the cycle
was interrupted for measurements. This process yielded the greatest
number of different conditions for a given number of cycles and batteries.

4. Batteries charged on gonstant potential. Batteries
were put on a modified constant potential charge.
They were charged at 1.45V per cell but the initial
surge current was limited to 6 Amps. After floating
at 1.45V per cell for several hours, they were dis-
charged to some arbitrary capacity at the C rate.
After the batteries cooled to room temperature, they
were tested with the phase meter then discharged to
l.OV at the C/2 rate.

For the tests above, two different size batteries of similar
construction were used, Gulton 6 V04 and 6 V09 batteries. These are
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six cell, sealed batteries of 4 A-h and 9 A-h, respectively. Data
for individual V04 cells and four and six cell batteries are the same;
apparently battery voltage has no effect on these measurements. This
was to be expected sinem s.c. is used and readings are taken sell
by cell.

5. Batteries of arious t.OM. The fourth test was to
demonstrate that this method nould be applied to
predicting RC for other than VO series batteries.
Room temperature calibration curves for a KO-35
cell and a 4KO15 battery (vented and in nylon case,
as opposed to the VO cells which are sealed and in
steel cases) were drawn, using the procedure described
on p. 17. The curves were drawn, the cells were
brought to various states of charge and RC was
predicted. As with the other cells, a C/2 discharge
was used to determine the actual RC.

The results of these tests are given in Tables 3 to 7,
respectively. The average deviation of the predicted residual
capacity for the manually cycled 6V04 batteries was ± .35 A-h as
shown at the end of Table 3. Since the nominal capacity of 6VO4
battery is 4 A-h, ± 0.35 A-h represents an average deviation of 9%.
For similar measurements on 6V09 batteries the average deviation
was 133. For the 6 V04 and 6 V09 batteries that had been on shelf
stand at 500C (112*F) and at room temperature, the average deviation
was 16%. Table 4 shows the results of measurements of RC after
automatic cycles. All four batteries appeared to indicate more than
their nominal capacity when measured with the phase meter. However,
they were known to have less than full charge because they were taken
off cycle during discharge as discussed above. After the phase measure-
ments were made, the cells were discharged at C/2 to 1.0 V. The
capacities removed are listed as actual RC in the Tables.

The tests conducted so far indicate that RC can be pre-
dict*d from phase shift for different types of cells and batteries.
at various temperatures. All that is needed in addition to the
measuring equipment is the appropriate calibration curves.

The manual cycle tests show that an average deviation of
9% has been realized. The phase shift apparatus predicted the resi-
dual capacities of batteries that had been standing at 500C and at
room temperature (..,25c), batteries that were charged on constant
current and batteries that were charged at constant potential. The
most accurate results were obtained when batteries were charged on
constant current. The phase shift gave no valid indication of the RC
of batteries that had been on automatic cycle.
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The results of all the tests are summarized below.
AVERAGE

BAT1 IES ACCUWACY
TEST UUI OF PREDICTIONS

1. Manual cycle 6 VO4 ; 6 V09 10%

2. Shelf Stand 6 V04; 6 V09 16%

3. Automatic cycle 6 V04 No valid predictions

4. Constant potential 6 V04; 6 V09 20%
charge followed by C
rate discharge

5. Other types of KO-35;4 KO-15 16%
batteries

ANALYSIS OF DATA

The data for all manual cycles including the VO-4, VO-9,
KO-15 and KO-35 cells and batteries were collated in order to deter-
mine the validity of RC prediction4 based on the phase shift data.
These pooled data are shown as a histogram in Figure 24. The bell
shaped curve suggests a normal distribution of errors. It is only
for the 6 VO4 batteries that a large enough sample was tested for
the conclusions to have statistical significanee.

The analysis in the accompanying table gives the probability
that the RC is within the indicated accuracy. For example, the
probability that the predicted RC is within ± 20% of the actual RC
is 0.84. Expressed in another way, of 100 batteries tested, d4 would
have predictions of RC correct within t 20%.

%OF MEASU1REMENS
DESIRED ACCURACY .MAVtflKnTRWf A nYtt Y

±5% 27%

±10% 50%

±20% 84%
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7. Z =13 UPNI AL UM

It son be shovn theoretically, that the internal
resistance Ro of a galvanic system is given by

Ro - lm av minimum value of Reff (12)
t--> 0
I--> 00

vhere

Ro o ohmie resistance

t - length of time the current I flows

V w change in terminal voltage during time t

Reff a effective resistanee

This relation is derived in AppeMix II. As t---o and I-.oo,
the effects of concentration p6larisation and activation over-
potentials are minimized or eliminated so the effeetive resistance
approaches Re, the obale resistance. This is the lowest possible
value of effective resistanee since the ohmic resistance Is a
property of the cell material and configuration and cannot be
eliminated. As discussed in Section 5, Impedance at Audio Frequencies,
the ohmic resistance is expected to depend on state of charge because
the composition of the electrodes varies with state of charge.
However, the A.C. method moesured all contributions to effective
resistance, and it turned out that the ohmic portion was small
compared to the others. With a D.C. method, under the prescribed
conditions, the ohmic contribution to resistance should be large.

To obtain the conditions of high current and short time
intervals required by the equation above, a specialized switch was
required. The switch resistance had to be low so that currents as
high as 1OOC (400 Amps for the cells used) could be drawn from a
single 1.2 V cell. Furthermore, the total "an" time of the witch
had to be low to prevent appreciable discharge of the cell by the
1000 current. Last, some means of measuring both current and cell
voltage had to be provided. A switch and circuit fulfil• the above
requirements as shown in Figures 24 and 25. A copper disk, turned
by a synheronou motor opens and closes two sets of contacts with
each rotation. As the disk rotates, a light set of contacts close
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first. This supplies a trigger signal to a dual bee. oseilloseope
used to observe ecll voltage and current simultaneously. At this
staep no current is dravn from the eall so the oseilloscope displays
zare current and the Open circuit cell voltage. Within a milli-
second after the oscilloscope is triggered the heavy duty contacts
close, shorting the cell. These contacts carry up to 400 Amps. One
terminal of the cell is connected to the stationary contact and the
other terminal is connected to the rotating disk through a mercury
reservoir as shown in Figure 25. The dimensions of the contacts
and the speed of the motor are such that the cell is shorted for
approximately 30 milliseconds. Drawing a current of 100 C from a
cell for 30 milliseconds lovers the state of charge by only .08%
because

(100 C Amps) (.030 see) 3 (13).0008
3600 aen (13)

a .0%

As shown in Figure 26, a shunt is used to measure the
current. The lower beam of the oscilloscope displays the current
while the upper beam displays the cell voltage. A Tektronix 502
Dual Beam Oscilloscope was used. An oscilloscope camera recorded
the displays so accurate measurements could be made. A typical
photograph is shown in Figure 27.

Currents of 50 to 100 Amps were easily obtained from
a single V04 cell. By using 1/2" wide ground strap for the leads
to the cell, shortening these leads to 2 to 3 inches and being
careful to keep all contacts eLean and tight, currents of 400 Amps
could be drawn from a VOI cell. The total resistance of the switch
in the "on" position, including leads and contacts, was 1.8 milli-
ohms. This was determined by sending 20 Amp through the switch
and measuring the voltage drop across it with a potentiometer.

The first experiments were performed to verify the relation
at the beginning of this section, namely

Ro a lim &V (14)
t--->oI

I--> 00

If this is true, then the measured resistance -L6V should increase
I

with time and should be smaller for larger currents. Measurements were
made using the rotary switch. Resistance was determined for currents
from 170 to 360 Amps and at times ranging from 1.5 milliseconds to
21.5 milliseconds. The time stated, t* in Figure 28, is the length
of the Interval from the current turn-on time to the moment the
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resistance was measured. Figure 28 clearly shows the increase in
resistance witn time t* and the decrease with increasing current I.
Since the minimum effective resistance is the desired quantity,
Figure 28 indicates that the resistance should be measured as soon
as possible after the current is turned on and that a current of at
least 300 Amps should be used. The current would be proportionally
larger for a larger cell because the current density in the cell must
be kept hign. A discharge rate of at least 75 C would be required
in general according to Figure 28. The resistance cannot be determined
less than 1.5 milliseconds after the current is turned on because tne
voltage transient maska the ohmic voltage drop during that time. To
measure resistance as a function of state of charge, then, currents
of at least 75 C -. usually about 350 Amps for V04 cells -- were
used and the resistance was determined from the voltage drop and
current 1.5 milliseconds after the current was turned on.

The procedure was similar to those followed in the previous
studies reported here. A group of twelve cells were measured after
a full charge, then after discharges to various residual capacities.
After a resistance measurement, RC was determined by a C/2 discharge
to 1.0 V. It was clear that the position and type of voltage probe
had an effect on the measured value. Because of the very high currents
and relatively smell voltage drops (-0.6v) measured, voltage drops
in the terminals as well as inductive coupling between voltage leads
and current leads produced large errors in the measured resistance.
Even so, a variation in Ro with state of charge was definitely
established. Table 8 gives measured values of effective resistance
at various residual capacities for two different V04 cells. The
leads were attached as indicated in Figure 29 (A). The two values
of resistance given for each RC in Table 8 were measured consecutively,
without changing the positions of the leads. The column labeled dev.
Ro gives the deviation between the two values of Ro° The average of
these deviations is .013 milliohmas indicating a repeatability of
* .013 milliohma for Ro measurements when the leads were not moved.
When the leads were removed and replaced, the measurements were less
consistent.

An average curve of resistance vs. RC was drawn for tne
V04 cells after about ten cycles on four cells. This curve, shown in
Figure 30, was used as a basis for predicting RC from resistance measure-
ments. A series of measurements was made on the same four cells using
each of the connections shown in Figure 29 (A-D). To remove the current
leads when the configuration in A, B and D were used, the upper nut
was removed and the current lead taken off. For the configuration in
C the terminal nut was left in place and the current lead was detached
from the end of the extension. The resistances measured were used to
predict RC from the average curve in Figure 30. With connections as in
C and D of that figure, results were so scattered that no meaningful
predictions were possible. With the connections as in A and B, RC
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was predicted with average deviations of + 23% and + 25%, respectively.
These data are given in Table 9.

To demonstrate that the errors in the resistance measure-
ments and, hence, the errors in the RC predictions, were largely
due to the placement of the leads, three cycles were run on one cell
permanently connected to the pulsing switch. The leads were attached
as in Figure 29A and were not removed or disturbed during the three
cycles. Any variations in the measured resistance were produced by
changes in the cell. The results were very consistent. Figure 31
shows the data at various states of charge during the three cycles.
An average curve and the variations from that curve are indicated
in the figure. If this average curve was used for predicting RC
from resistance for this cell, the average deviation would be
+ 0.2 A-h or + 5%. This indicates strongly that the internal resis-
tance of a cell has a consistent relation to the state of charge
and could be a good indicator if accurate measurements could be made
in a practical manner.

ANALYSIS OF RESULTS

A statistical analysis of the data just discussed and the
data taken with connections as in Figure 29A further emphasizes
that the measurement technique and not the properties of the battery
are responsible for most of the error. The correlation factors, r,
were calculated for both sets of data and these were found to be:

PERMANENT CONNECTIONS FIGURE 29A CONNECTIONS

r = 0.992 r = 0.615

2 r2
r = 0.98 = 98% r 2 0.38 = 38%

This means that with connections as in Figure 29A 38%
of the predicted value of RC was actually due to a change in resis-
tance of the cell with RC but 62% was due to random variations,
presumably due to the placement of the leads. When the connections
were left permanently on the cell 98% of the variation was due to
a change in resistance with RC and only 2% of tne change was random.

This information indicates strongly that a practical
resistance measuring device having the same repeatability as the
device above with permanent connectors, would be an accurate state-
of-charge indicator. It is also significant that a method using
ohmic resistance as its indicator should be free from the undesirable
polarization effects that plague most other methods of predicting
state of charge. A brief calculation shows that the contribution
of the electrolyte to the ohmic resistance is only a few per cent
of the total value. If this fraction of the resistance varies by
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a few por sent due to, say, temperature, then the total shange in
resistanee will be negligible. The resistance of the electrolyte can
be eatimated by considering the total plate arees eyarsator thickness,
and porosity, and the conductivity of the eleetrolyte. Igr a V04,
the resistance due to the electrolyte is of the order 10- ohms or
less than 10% of the ohmic resistance of the sell.

Designing a resistance measuring device to read a sell
resistance of a few milliohas within about 1% poses several problems.
First, the resistance of the device must bes at most* 3 thilliohma.
If it is more, then a 1.2V cell could not possibly drive enough
current through the device. This upper limit of resistance eliminates
commercial milli-ohmmeters. Clearly, a device must be designed
specifically for this application.

DESIGN OF NEW SWITCH

Because small voltages are hard to measure in the presence
of high currents, it would be desirable to eliminate the voltage
measurement and find RO from current only. This is practical if
the resistance of the switch is less than the resistance of the cell,
Ro. However, this is quite difficult to realize experimentally because
the resistance of the sells tested so far are about 1.5 milliohms.
A switch is required that has a total resistance, including connectioas
to the cell, of less than 1.5 ailliohm, that san carry several
hundred amperes, and provide an accurate way of measuring peak current
(to give minimum resistance). Furthermore, the turn on time of the
switch must be less than one millisecond if the resistance is to be
measured 1.5 milliseconds after the currant begins to flow.

As a starting point in the design of such a switch -- here
"switch" refers to the entire device, connectors, shunt, on-off
mechanism -- the resistance of each of the sections of the mechanical
switch used for the previous work was measured, as well as the resis-
tanse of each of several types of connectors. The resistances were
measured by passing a high current (10 to 100 A) through the components
and measuring the voltage drop with a potentiometer. The results are
given in Table 10.

A goal of 0.5 milliohms was set for the resistance of the
new switch to be designed. From Table 10 it is clear that a completely
new type of switch was required. Shunt resistance had to be reduced,
leads virtually eliminated, and the resistance of the on-off Mechanism
kept to a minimum. To eliminate leads, the switch had to take the form
of a fork. This meant that the shunt and on-off mehanism had to be
small enough to fit between the terminals of a cell, yet earry several
hundred amperes.
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Several designs were analyzed theoretically, considering
total resistance, reproducibility of resistance and turn on time.
The best of these is shown in Figure 32. A switch was constructed
according to that design. Because of the required low resistance
of the switch, the friction connections used in any mechanical switch
could not be tolerated. Furthermore, because of the absence of leads,
the unit is rigid and incorporating any moving parts would be awkward.
A mercury switch avoids both of these problems. However, the resistivity
of mercury is high () = 95 x 10-6 ohm-cm) so the geometry of the
electrodes had to be considered carefully to get minimum resistance when
the switch was in the "on" position. At first thought, the way to get
the lowest resistance is to use the largest electrodes possible, put
them as close as possible, then fill the space between them with
mercury. Although this will, indeed, give a low resistance, the
viscosity of mercury makes it impossible to turn such a switch on
or off very quickly. Also, with very close plates as electrodes,
there is a possibility of drops of mercury "hanging" between the elec-
trodes, preventing the switch from being turned off. The calculations
given in Appendix III predict a resistance of 0.02 milliohms between
sections 2 and 4 when they are separated by 0.005 inches. The actual
measured resistance of this device was 0.025 milliobms in excellent
agreement with the predicted value. When the final version of the
device was constructed, a layer of epoxy was used instead of the
0.005 nylon. The epoxy also bound sections 2 and 4 together without
using clamps. Apparently the epoxy layer was slightly more than
0.005 inches thick because the resistance increased to 0.037 milli-
ohms when the nylon was replaced by the epoxy.

CONSTRUCTION

Referring to Figure 32, sections 1 and 2 are one-inch cubes
of copper, each with a small projection on one face. The shunt is a
thin rectangular wafer of constantan brazed to these projections.
After the brazing was done, the constantan and the projecting copper
parts were filed to give the required resistance. Filing the constan-
tan and copper at one time insured a sharply defined edge on the
constantan and eliminated any shorts caused by brazing material bridging
across the constantan. Constantan was used for the shunt metal because
it is a poor conductor for a metal and, more important, has the lowest
thermal coefficient of resistivity of any.pnown metal or alloy. For
constantan, p = w44.1 x 10-6 ohm-cm andp- 2 x 10.6. To be able
to measure the current accurately, the shunt should give a voltage drop
of about 5 mV per 100 A. Therefore, the shunt resistance was set to
0.05 milliohus by filing. Sections 3 and 4 are female "Supercon"
connectors rated at 250 Amps continuous. They are gold plated braes.
Section 3 is soldered to section 1. Sections 2 and 4 are held together
by the layer of insulating epoxy. Furthermore, the entire space between
the left and right halves of the switch is filled with epoxy for strength.
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The surfaces of the on-off section or the switch that eer. iA
contaet with the mercury were treated with Rg(N03)2, forming an amlgam
on those surfaces. This made the mercury wet the surfaces assuring
minimum resistance. The same sitch had six times the resistance when
the surfaces were nickel plated to prevent an amigam from forming.

TESTING

The resistance of the entire unit from the end of one
connector to the end of the other was 0.087 mliliohms. Assuming a
resistance of 0.11 milliohms for each of the connections to the cell,
as indicated in Tble 10, the entire resistance of the switch would
be 0.31 milliohms, better than the goal of 0.5 milliobma.

When the switch was being tested, it was turned on and
off by adding mercury and removing it. During the tests, a small
amount of mereury ergpt out of the reservoir and appeared at the
interfaces between sections 2 and 4 and the insulating epoxy layer.
Probably the epoxy did not form an adequate bond to the copper and
brass. After several days, the mercury apparently formed a continuous
path from 2 to 4 because the switch remained on even after as much
mercury as possible was removed. With the switch always in the on
state, no cell measurements could be made. However, the difficulty
is one of fabrication since the electrical properties of the device
were even better than anticipated. Rebuilding the switch according to
the original plan using a nylon insulator should solve the mechanical
problem. Certainly the data indicating a 5% error inherent in a
resistance type state of charge indicator, coupled with the early
success in designing the ultra-low resistance switch with the required
electrical properties call for further efforts on this most promising
technique.

27



8. CONCLUSIONS AND RECOO4NDAMTIONS

Of the five electrical properties of Ni-Cd cells
studied -- phase shift, ohmic resistance, doudle layer capacitance,
transient peak height and impedance at audio frequencies -. only
the first two were found to depend on state of charge in a useful
manner. The variations of phase shift and ohmic resistance with
state of charge are measurable and reproducible enough to provide
an indication of state of charge.

The phase shift apparatus described in this report, together
with the required calibration curves, measured the residual capacity
of cells and batteries with average errors from ± 10% to t 20%. A
statistical analysis showed that 84% of all readings should have
errors of less than t 20%. The batteries included one to six
cell pecks with nominal capacities from 4 A-H to 35 A-H, both
sealed and vented types. The tests conducted so far show that this
technique can predict the residual capacity of batteries with various
histories and at different temperatures. These tests are strong
evidence of the value of the phase shift method, and were as complete
as the duration of this work allowed. More extensive supplementary
evaluation is required. A variety of batteries of many sizes from
various manufacturers should be tested under all possible conditions.
History, temperature, method of charge, and method of discharge
should all be varied for a complete evaluation of the method. Only
three drawbacks were found during the testing of this method. First,
the Ad-Yu phase meter is not ruggedized and requires weekly cali-
bration. This could probably be eliminated by designing a meter
specifically for this system. Second, a battery must be allowed to
come to the ambient temperature before it is measured or else a
temperature compensation is required. Third, no valid state of charge
indication is given for batteries that have been on continuous
repetitive automatic cycling.

The ohmic resistance was shown to vary in a very repro-
ducible way with residual capacity. In a carefully controlled
experiment the variation of ohmic resistance with residual capacity
was reproducible within 5%. Although a device to measure ohmic
resistance of cells must meet severe requirements of resistance,
switching time and current capability, a great deal of progress was
made in the design of such a device. The ultra-low resistance switch
discussed in Section 7 not only met all the electrical requirements
but surpassed them. A short developed preventing the switch from
being turned off. Considering the almost complete success of the
first design, it is apparent that the required device can be built
since the failure was mechanical. Resistance measurements would not
only be possibly the most accurate method of measuring state of charge

28



found so far, but would be the simplest technique to use.

To take full advantage of the possibilities of this
method, the variations of cell resistance should be studied
thoroughly and new resistance measuring devices should be investi-
gated and constructed.

A variation of the method described, recommended by the
contracting agency, to get around the variability of contacts is
to force the OO C current from an external supply and merely
supply appropriate contact points for measuring voltage changes
that are inside the measuring loop.
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APPENDIX I.

OPERATION OF BREADBOARD STATE OF CHARGE INDICATOR

Figures 33, 34 and 35 show the complete breadboard phase
measuring system. This system, with the calibrations curves, is the
brendboard state of charge indicator.

DISCUSSION

The A.C. power source is a Waveforms Oscillator #401C
set at 40 cps. The frequency can be switched easily to 400 cps
as required for part of the adjustment procedure. The output of
the oscillator is amplified to the required level by the transistor
amplifier. The 40 cycle output is fed to the test battery through
the CURRENT LEADS. An ammeter indicates the r.m.s. current through
the battery. A D.C. blocking capacity prevents discharge of the
battery through the amplifier output circuit. Polarity must be
observed when connecting the CURRENT LEADS because the capacity is
polarized. A resistor and a shunt in series with the test battery
provide voltages in phase with the current through the battery. The
voltage across the resistor is fed through an RC phase shifter to E2
on the phase meter. The voltage across the shunt is about two milli-
volts and is used for a zero check as described later. The current
through the battery produces a 40 cycle component in the voltage of
each cell. The cell voltage picked up with the VOLTAGE LEADS is fed
to a high pass (40 cps) filter. The signal coming out of the filter
is amplified approximately 1000 times in the balanced pre-amplifier.
A low noise pre-amplifier is required because the signal from the cell
is about a millivolt. To achieve its low noise characteristics, the
pre-amplifier uses D.C. on the filaments and five (5) 45V batteries
for B and C voltages. The 6 VDC supply uses a Ni-Cd battery as a
filter and achieves very low ripple in a minimum of space. The output of
the pre-amplifier is fed to El on the phase meter. An rim.s. voltmeter
reads this voltage. It is essential that this voltage be at least
0.4 volts r.m.s. Otherwise the accuracy of the phase meter is reduced.

To prevent the phase meter from reading random and some-
times violent fluctuations when connecting and disconnecting batteries,
a relay has been inserted to open the meter movement circuit. A button
on the positive voltage lead closes the relay so that the meter can be
read.
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OPERATION

The zero reading of the phase meter should be checked daily.

ZERO CHECK

1) Adjust 40 cycle current to about 0.5 Amp. r.m.s.

2) Touch VOLTAGE LEADS to ZERO CHECK terminals. Voltage
El should read at least 0.4 V r.m.s.

3) Set RANGE to 1800, ADD switch to 1800. Touch VOLTAGE
LEADS to ZERO CHECK terminals. Adjust reading to 1800
with DEFLECTION control.

4) Set the RANGE to 120, ADD to 0. Read phase shift at
ZERO CHECK as in 3. ..e reading should be less than 15'.

If the reading is greater than 15' the phase meter must be adjusted,

See p. 33.

MEASURING RESIDUAL CAPACITY

All readings are taken on the 120 range of the phase meter.

1) Connect the CURRENT LEADS to the main battery terminals,
being careful to observe polarity. Batteries up to 15 V
can be measured. (Any voltage could be handled by using
a DC blocking capacitor of the appropriate working voltage.)

2) Adjust the current to about 0.5 amps. This adjustment
will rarely be changed. For very large batteries, a
larger current may be required. Use a current that
gives an El voltage as read on the voltmeter of 0.4 V
or more.

3) Touch VOLTAGE LEADS to the terminals of the first cell
in the battery, wait a few seconds for El to become
steady, then push the READ button and read the phase
shift. Repeat the procedure for each cell in the bat-
tery, releasing the READ button whenever a reading is
not being taken.

4) A brief look at the curve for the type of cell tested
will show whether the largest or smallest phase shift
(ignoring signs since these are unnecessary) will give
the smallest capacity. This smallest capacity is the
predicted residual capacity of the battery.
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ADJUSM T OF PMASE MR

If the zero reading measured during ZERO CHECK above is
greater than 15', it is more likely that the Ad-Yu phase meter requires
adjustment than the phase shifter.

The adjustment desoribed below is quoted from the manufac-
turers manual.

"BIAS ADJUSTMENT:

Bias controls R1 to Rao on top of the chassis, should be
adjusted if meter reading varies with change of signal amplitudes or
is off zero when a single signal is applied to both inputs, or when
tubes are changed in the limiter stages. The procedure for adjusting
the bias control, Rl, for the limiter stage, Tl, is as follows:

1. Apply a single signal (available at CAL OUT on panel) to both
"E1 IN" and "E2 IN".

2. Set the "RANGE" switch to "TEST" and the "STAGE" switch at rear
to Tl. Take reading on meter.

3. Remove the input signal and short the input binding post to ground.

Take meter reading again.

4. Adjust Rl until the meter reading of step 3 equals that of step 2.

5. Repeat the above steps several times to insure that the output
plate current of T1 remains unchanged when the input signal varies
from zero to over 10 volts.

The procedure for adjusting R2 for the second limiter stage,
T2, is the same as described above, with the following exceptions:
In step 2, set the "STAGE" switch to T2; in step 3, push the "GW"
switch and remove the input signal. Use a similar procedure to adjust
R3. The procedure for adjusting R5 is similar to that of R1. The
procedure for adjusting R6. RP, is similar to that of R2 and R1. The
order of adjustment must be from first to the second, to the third, to
the fourth stage. This will insure that the input to the stage under
adjustment (namely, the output of the previous stage) is a signal
symmetrical with respect to the zero axis."

Usually, only resistors ., 2, 3, 5, 6 and 7 must be adjusted.
The procedure for adjusting R4 and R8 can be found in the Ad-Yu operation
manual. These have never required adjustment during six months of
operation.
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If the phase meter is adjusted as above, and the ZERO
CHECK is still not correct, then the PHASE SHIFTER must be adjusted.
Note that this rarely happens. The adjustment is made by tuning the
potentiometer through the small hole in the front panel just above
the 40 cps current meter.

NOTE: In general, it is better to leave the llOV 60 power on
continuously where possible. Otherwise, at least one
hour warm-up should be allowed for the phase meter. The
preamplifier power should be turned off when no readlLigs
are being taken to conserve battery power.
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APPENDIX II.

CALCULATION OF TIME AND CURRENT DEPENDENCE OF RESISTANCE
OF A CELL

The open circuit potential of a cell Vo is given by the
sum of two half cell potentials. Each half cell potential may be
obtained from a thermodynamic or a kinetic treatment of the electrode
processes. Although the latter is less precise, the kinetic treat-
ment allows an understanding of procedures necessary to determine
the state of charge.

For the electrochemical reaction

A4"Fr + Ze f A-(Z + m), (15)

the electrode flux is given by

j ZFkfO exp ( - F. + ZF) - (16)=0 RT

0 0
ZF kr Cr exp ( - z -14X) )zF )

RT

where j is current density, C0  and Cr are the concentrations of
A and A-(Z~m) at the electrode/electrolyte interface, F; and Fr
are the activated free energy barriers, anda is the fraction of the
overpotential n (=V0 - VT ) which accelerates the cathodic electrode
process. Now, if the time interval of current passage is short enough
then the surface concentrations will not change so that the surface
activities are equal to bulk activities.

If we consider the discharge of the electrode then the last
exponential term will be negligible, and the flux equation may be
written as,

it -->o = ioe . R(n ZT (17)
RT

Rearranging,

RT in io - RT In i. (18)
CZF C(ZF

The above equation deals with only the electrochemical processes at
an electrode so that one must add to it the ohmic drops,

RT In i - RT In i - iRo, (19)
0- OZF 00 ZF

where Ro is the ohmic resistance.
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Differentiating with respect to current to obtain the effective
resistance,

dý Reft p2 1 _t_ i o. (20)
di t -- o 0aZF i

If the discharge current is very high then the first term on the
right iay be neglected yielding,

Lim Reff - Ro. (21)
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APPENDIX III.

CALCULATION OF RESISACE OF MERCURY SWITCH

Copper

[Mercury

plunger •Insulatord
-- upper contact of switch

f-- lover contact of switch

Consider the two dimensional problem below.

\-37-

\ 1112 (b.- d) --

(1) and (2) are sheets of conductor, e.g. copper-. For current to pass from (1)

to (2) it must go through the mercury. The elememnt of conductance for the path
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from point A on (l) to point B on (2) is

dG - dS (22)
1

where dS is an element of area whose normal is along the line

from A to B. Assuming unit thickaess for the sheets of conductor

dS = dh (23)

dG a Oddh (24)
1

Approximating the lines of current flow as straight lines parallel
to 1

h

G d h (25)
1

h min

By similar triangles,

1 . k = (f + a)2 + 1/4 (b-d)2 (26)
h 1/2 (f + a) (b-d)

hm

sd -- 7 dh in h max (27)

k k h min
min

Again by similar triangles, h max Y max (28)
h min Y min

so

G In Y max (29)
k Y min

In the actual switch the electrodes are not flat sheets of unit thickness
but are cylinders. If b-d(4 a good approximation is to let G' for the
cylindrical problem be7rb times G for the flat sheet problem. Although
b-d Z 1/2 b for the actual switch, a valid result is obtained here.
Therefore, G = 7bb - In Y max 

(30)
k Y min

Putting in numbers

b = 0.5" = 1.3 cm
f = .25" = 0.6 cm
d = 5/16" = 0.8 cm
a ..01" = .013 1 cm
o= 10 (ohm-cm) " for mercury
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vnence

G' 7r (1.3) LO 0 5 x Mhos (31)
2.9 .-03

Then
1

"R G' .02 milljohms (32)
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TABLE 1

DOUBLE LAYER CAPACITANCE, F,
AT VARIOUS

RESIDUAL CAPACITIES
4 AMP-HR CELLS

Measurements Using Mechanical Switch

F R.C. F R.C.
FARADS A-H FARADS A-H

12 2.4 12 2.5
12 1.9 11 2.0
11 1.1 9.3 1,2

7 0.6 9.0 0.7
15 2.6 15 2.7
12 1.6 14 1.7

9 0.6 9.3 0.7

Measurements Using Electronic Switch

F R.C. F R.C.
FARADS A-H FARADS A-H

CELL #18 CELL #20

16 3.6 15 3.6
12 3.1 11 3.1
13 2.6 11 2.6
11 2.1 10 2.1
9 1.6 9 1.6

CELL #22 CELL #24

16 3.7 15 3.4
14 3.2 12 2.9
11 2.7 13 2.4
11 2.2 10 1.9
10 1.7 10 1.4

40



TABLE 1 (CoNT'VD)

CELL #7 CELL #8

19 4.3 19 4.1
19 3.8 18 3.6
18 3.3 15 3.1
16 2.8 17 2.6
15 2.3 15 2.1
14 1.8 14 1.6
13 1.3 14 1.1
20 4.3 22 3.1
17 3.8 16 2.6
16 3.3 16 2.1
16 2.8 15 1.6
14 2.3 14 1.1
15 1.8 13 0.6
14 1.3 8 0.1
13 0.8
11 0.3

CELL #9 CELL #10

19 4.4 15 3.8
18 3.9 14 3.3
16 3.4 12 2.8
16 2.9 12 2.3
15 2.4 11 1.8
15 1.9 11 1.8
14 1.4 10 0.8
20 3.9 16 3.8
18 3.4 13 3.3
16 2.9 13 2.8
15 2.4 11 2.3
15 1.9 11 1.8
15 1.4 10 1.3
13 0.9 9 0.8
17 0.4 8 0.3

CELL #11 CELL #12

23 4.4 22 4.4
21 3.9 23 3.9
19 3.4 19 3.4
17 2.9 18 2.9
18 2.4 18 2.4
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TABLE 1 (CONT')

CELL #11 (Cont'd) CELL #12 (Cont'd)

17 1.9 17 1.4
19 1.4 23 4.5
25 4.5 22 4.0
21 4.0 21 3.5
21 3.5 20 3.0
18 3.0 19 2.5
17 2.5 18 2.0
18 2.0 17 1.5
17 1.5 17 1.0
15 1.0 13 0.5

Measurements Using Electronic Switch
and

Magnification of Photographs

F R.C. F R.C.

FARADS A-H FARADS A-H

CELL #20 CELL #21

15.3 5.0 24.3 5.0
17.3 4.5 18.8 4.5
13.5 4.0 18.5 4.0
11.8 3.5 21.3 3.5
11.8 3.0 18.0 3.0
14.4 2.5 16.1 2.5
12.8 2.8 23.4 2.8
10.2 2.3 13.1 2.3
9.3 1.8 10.3 1.8
2.8 1.3 4.2 1.3

CELL #22

20.0 4.8
15.8 4.3
14.9 3.8
12.5 3.3
12.8 2.8
13.8 2.3
14.4 2.8
11.6 2.3
9.1 1.8
2.3 1.3
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RESIDUAL CAPACITY MEASURMM'S. BATTERT.•s N MANUAL CYCLE

PREDICTED RESIDUAL ACTUAL RESIDUAL
BATTERY TYPE CAPACITY CAPACITY DEVIATION

A-H A-H A-H

6 VO 4 4.0 3.8 0.2
2.6 2.8 0.2
2.0 1.8 0.2
1.4 0.8 0.6

3.8 3.7 0.1
2.4 2.7 0.3
1.6 1.7 0.1
1.1 0.7 0.4

3.5 3.7 0.2
2.3 2.7 0.4
1.4 1.7 0.3
0.8 0.7 0.1

3.7 3.8 0.1
2.2 2.8 0.6
1.6 1.8 0.2
1.1 0.8 0.3

4.1 3.9 0.2
2.4 2.9 0.5
1.1 1.9 0.8
0.8 0.9 0.1

4.0 3.8 0.2
2.3 2.8 0.5
0.8 1.8 1.0
0.5 0.8 0.3

3.6 3.9 0.3
2.0 2.9 0.9
0.7 1.9 1.2
0.5 0.9 0.4

6 VO 4 4.2 3.7 0.5
2.3 2.7 0.4
1.0 1.7 0.7
0.6 0.7 0.1
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TABLE 3 (CONT D)

RESIDUAL CAPACITY MEASUREMENTS. BATTERIES ON MANUAL CYCLE

PREDICTED RESIDUAL ACTUAL RESIDUAL
BATTERY TYPE CAPACITY CAPACITY DEVIATION

A-H A-H A-H

6 VO 4 3.9 3.7 0.2
2.3 2.7 0.4
1.3 1.7 0.4
0.5 0.7 0.2

3.9 3.6 0.3
2.1 2.6 0.5
1.2 1.6 0.6
0.5 0.6 0.1

3.5 3.6 0.1
1.7 2.6 0.9
0.6 1.6 1.0
0.4 0.6 0.2

3.9 3.5 0.4
2.1 2.5 0.4
1.2 1.5 0.3
0.5 0.5 0

3.8 3.4 0.4
2.2 2.4 0.2
0.8 1.4 0.6
0.4 0.4 0

3.6 3.3 0.3
1.8 2.3 0.5
0.6 1.3 0.7
-- 0.3 --

4.2 3.3 0.9
2.5 2.3 0.2
1.2 1.3 0.1
0.4 0.3 0.1

4.1 3.4 0.7
2.3 2.4 0.1
1.1 1.4 0.3
0.4 0.4 0
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TABLE 3 (CONT' D)

RESIDUAL CAPACITY MEASUREMENTS. BATTERIES ON MANUAL CYCLE

PREDICTED RESIDUAL ACTUAL RESIDUAL
BATTERY TYPE CAPACITY CAPACITY DEVIATION

A-H A-H A-H

6 VO 4 3.4 3.3 0.1
2.1 2.3 0.2
1.0 1.3 0.3
-- 0.3 --

3.9 3.6 0.3
2.5 2.6 0.1
1.4 1.6 0.2
0.9 0.6 0.3

4.0 3.4 0.6
2.6 2.4 0.2
1.5 1.4 0.1
1.0 0.4 0.6

3.8 3.6 0.2
2.4 2.6 0.2
1.3 1.6 0.3
0.9 0.6 0.3

3.8 3.3 0.5
1.4 2.2 0.8
0.7 1.2 0.5

4.0 3.5 0.5
1.8 2.4 0.6
1.3 1.4 0.1
0.7 0.4 0.3

4.2 3.7 0.5
2.2 2.6 0.4
1.6 1.6 0
1.1 0.6 0.5

4.2 4.0 0.2
2.5 2.9 0.4
1.8 1.9 0.1
1.3 0.9 0.4

3.4 3.7 0.3
3.8 3.7 0.1
3.8 3.8 0.0
2.4 2.6 0.2
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TABLE 3 (CONT'D)

RESIDUAL CAPACITY MEASUREMENTS. BATTERIES ON MANUAL CYCLE

PREDICTED RESIDUAL A(TJAL RESIDUAL
BATTERY TYPE CAPACITY CAPACIrY DEVIATION

A-H A-H A-H

6 VO 4 3.1 1.8 1.3
0.7 0.7 0.0
3.6 3.6 0.0
1.7 1.6 0.1

1.5 2.2 0.7
3.6 3.1 0.5

AVG. DEV. = + 0.35 A-H
FOR 6 VO 4

S+ 9%

6 VO 9 9.0 9.5 --
9.0 7.1 1.9
7.7 7.6 0.1
9.0 6.4 2.6
9.0 6.3 2.7
7.5 6.8 0.7
6.1 6.0 0.1

AVG. DEV. - + 107.

FOR 6 VO 9
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TABLE 4

PREDICTED AND ACTUAL RESIDUAL CAPACITY OF
FOUR 6 VO 4 BATTERIES ON AUTOMATIC CYCLE

PREDICTED RESIDUAL ACTUAL RESIDUAL
CAPACITY CAPACITY DEVIATION

BATTERY TYPE A-H A-H A-H % DEVIATION

AFTER 100 CYCLES

CB-l 4.6 2.9 1.7 407.
CB-2 4.3 2.9 1.4 357.
CB-3 4.0 2.5 1.5 407.
CB-4 3.3 1.5 1.8 457

AFTER 275 CYCLES

CB-I 0 0 -- --

CB-2 3.5 1.7 1.8 457%
CB-3 2.5 1.1 1.4 357.
CB-4 1.3 0.5 0.8 207

48



TABLE 5

PREDICTED AND ACTUAL RESIDUAL CAPACITY
BATTERIES ON SHELF STAND

STAND BATTERY PREDICTED RESIDUAL ACTUAL RESIDUAL % DEVIATIONS
TYPE CAPACITY CAPACITY

(A-H) (A-H)

3 DAYS, 50 0 C 6 VO 4 3.6 2.9 -18%
7 DAYS, 50 0 C 6 VO 4 1.1 1.3 + 5%
7 DAYS, 50 0 C 5 VO 9 4.7 2.8 -21%

26 DAYS, 50 0 C 6 VO 4 0 0 0
26 DAYS, 50 0 C 6 VO 9 0 0 0

32 DAYS, 250 C 6 VO 4 0 0 0
32 DAYS, 25 0C 4 VO 4 1.1 1.3 + 5%
32 DAYS, 25 0C 6 VO 9 3.7 0.8 -327.

AVG. DEV. EXCLUDING
PREDICTIONS OF ZERO
A-H - 16%
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TAME 6

PREDICTED AND ACTUAL RESIDUAL CAPACITY
6 VO 4 BATTERIES CHARGED AT MODIFIED CONSTANT POTENTIAL

PREDICTED RESIDUAL ACTUAL RESIDUAL % DEVIATION
CAPACITY CAPACITY

(A-H) (A-H)

>4 4.2 5%
2.9 3.4 137%
2.9 1.9 257.
2.8 1.0 45%
2.5 1.2 337.
3.9 3.5 107.
3.9 2.9 257
3.6 2.9 187.
3.2 3.2 07.

AVG. DEV. - 207.
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PREDICTED AND ACTUAL RESIDUAL CAPACITIES
GULTOt KO 35 CELL

PREDICTED RESIDUAL ACTUAL RESIDUAL DEVIATION
CAPACITY CAPACITY A-H

A-H A-H

5 5 0
14 18 4
16 24 8
20 18 2
38 32 6
32 24 8
28 18 10

AVG. DEV. - + 16%

PREDICTED AND ACTUAL RESIDUAL CAPACITIES
GULTON 4 KO 15 BATTERY

9.0 13.0 4.0
6.1 6.6 0.5
9.8 8.5 1.3
8.4 5.3 3.1

10.1 10.5 0.4
9.7 6.9 2.8
5.1 8.1 3.0
9.5 8.8 0.7
8.8 10.9 2.1
8.6 12.4 3.8
2.6 2.6 0.0

13.8 14.0 0.2

AVG. DEV. + + 12Z
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EPFECTIVE RESISTANCE
VS.

RESIDUAL CAPACITY

CELL #16

ACTUAL RESIDUAL
CAPACITY Ro DEV. Ro

A-H (MILLIOHMS) O(ICRO-OalS)

5.13 1.460 5
1.455

4.63 1.422
1.423

4.13 1.460 11
1.449

3.63 1.448
1.452

3.13 1.464 13
1.477

2.63 1.480 1
1.481

2.13 1.525
1.530

0 2.410 30
2.440

CELL #17

4.54 1.470 25
1.495

4.04 1.465
1.484 19

3.54 1.5102
1.512

3.04 1.538
1.542
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TA.LE 8 (CONT'D)

EFFECTIVE RESISTANCE
vs.

RESIDUAL CAPACITY

CELL #17

2.54 1.602 0
1.602

2.04 1.614 26
1.640

1.54 1.656 4
1.652

0 2.280 60
2.340
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TALE 9

PREDICTION OF RESIDUAL CAPACITY FROM RESISTANCE$
CONNECTIONS AS IN FIGURE 29A

PREDICTED RESIDUAL ACTUAL RESIDUAL
CAPACITY CAPACITY DEVIATION

A-H A-H A-H

5.7 4.6 1.1
4.5 3.6 0.9
4.2 5.1 0.9
4.1 4.1 0.0
3.8 3.1 0.7
3.7 4.o 0.3
3.5 2.6 0.9
3.0 4.5 0.5
2.9 3.5 0.6
2.7 3.7 1.0
2.6 3.5 0.9
2.6 2.1 0.5
2.5 3.0 0.5
2.5 3.8 1.3
2.3 2.8 0.5
2.2 3.6 1.4
2.0 2.0 0.0
2.0 4.0 2.0
1.9 2.5 0.6
1.9 2.7 0.8
1.9 3.0 1.1
1.9 2.5 0.6
1.7 3.7 2.0
1.7 2.7 1.0
1.7 3.9 2.2
1.7 1.7 0.0
1.7 2.6 0.9
1.6 1.8 0.2
1.5 2.0 0.5
1.5 1.0 0.5
1.5 2.9 1.4
1.4 1.5 0.1
1.4 1.5 0.1
1.3 1.7 0.4
1.3 3.5 2.2
1.3 1.9 0.6
1.2 3.8 2.6
1.2 2.8 1.6 AVG DEV.- +0.9 A-H
1.2 2.5 1.3 = + 237.
1.1 1.5 0.4
1.1 1.6 0.5 MAX. DEV. = 3.5 A-H
1.0 1.8 0.8

54



TABLE 9

PREDICTION OF RESIDUAL CAPACITY FROM RESISTANCE,
CONNECTIONS AS IN FIGURE 29A

PREDICTED RESIDUAL ACTUAL RESIDUAL
CAPACITY CAPACITY DEVIATION

A-H A-H A-H

5.7 4.6 1.1
4.5 3.6 0.9
4.2 5.1 0.9
4.1 4.1 0.0
3.8 3.1 0.7
3.7 4.0 0.3
3.5 2.6 0.9
3.0 4.5 0.5
2.9 3.5 0.6
2.7 3.7 1.0
2.6 3.5 0.9
2.6 2.1 0.5
2.5 3.0 0.5
2.5 3.8 1.3
2.3 2.8 0.5
2.2 3.6 1.4
2.0 2.0 0.0
2.0 4.0 2.0
1.9 2.5 0.6
1.9 2.7 0.8
1.9 3.0 1.1
1.9 2.5 0.6
1.7 3.7 2.0
1.7 2.7 1.0
1.7 3.9 2.2
1.7 1.7 0.0
1.7 2.6 0.9
1.6 1.8 0.2
1.5 2.0 0.5
1.5 1.0 0.5
1.5 2.9 1.4
1.4 1.5 0.1
1.4 1.5 0.1
1.3 1.7 0.4
1.3 3.5 2.2
1.3 1.9 0.6
1.2 3.8 2.6
1.2 2.8 1.6 AVG DEV.° +0.9 A-H
1.2 2.5 1.3 - + 237.
1.1 1.5 0.4
1.1 1.6 0.5 MAX. DEV. - 3.5 A-H
1.0 1.8 0.8
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( ~TABLE 9 (CONT'D)

PREDICTION OF RESIDUAL CAPACITY FROM RESISTANCE,
CONNECTIONS AS IN FIGURE 29A

PREDICTED RESIDUAL ACTUAL RESIDUAL
CAPACITY CAPACITY DEVIATION

A-H A-H A-H

0.9 0.9 0.0
0.9 3.1 2.2
0.6 4.1 3.5
0.5 2.1 1.6
0.5 1.1 0.6
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TABLE 9

PREDICTION OF RESIDUAL CAPACITY FROM RESISTANCE,
CONNECTIONS AS IN FIGURE 29B

PREDICTED RESIDUAL ACTUAL RESIDUAL
CAPACITY CAPACITY DEVIATION

A-H A-H A-H

6.2 4.3 1.9
5.6 503 0.3
4.9 3.3 1.6
3.6 2.3 1.3
2.9 5.0 2.1
2.5 6.0 3.5
2.5 4.0 1.5
2.5 1.3 1.2
2.2 2.5 0.3
2.1 2.3 0.2
1.9 3.0 1.1
1.9 2.8 0.9
1.9 1.8 0.1
1.9 1.8 0.1
1.6 3.0 1.4
1.6 1.5 0.1
1.5 2.0 0.5
1.5 0.8 0.7
1.0 1.0 0.0

AVG. DEV. - + 1.0 A-H + + 257.

MAX. DEV. - 3.5 A-H
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TABLE 10

RESISTANCE OF ROTARY SWITCH AND COMPONENTS

ITEM RESISTANCE IN MILLIOHMS

Entire Switch in Figure 25 1.75

Cu-Cu Mechanical Contact in above switch 0.14

Cu lead in mercury reservoir in above switch 0.1

Cu lug bolted to cell terminal 0.32

8" length of 1/2" wide ground strap 0.37

1" length of 1" x 1/4" Copper <0.005

Superior Connector (50 A rating) 0.11
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P= 21.5 rnV

Pe ~5 vTV Ci otg

Cell Current

02 t24rOims eC/d IV

Initial transient and post transient slope.
Short horizontal lines at extreme left
show open circuit voltage and zero current
before switch is closed.

Figure 4 Initial Transient, 4 A-H Cell
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Direction oflRotation • Rotating Brame Disc

S. • High Current

"Mercury Reservoir

H•igh Current
S--• Contacts

Mercury Reservoir in
Grove Cut in Disc CRO Trigger Contacts

Syncronous
Motor and Drive

20 rpm
110 v, 60 cps

Figure 25 Mechanical High Current Switch

-85-



kk

k 44.

-- 0

:3

-86-



0.28 V

II Cell Voltage

212 Amup.

Cell Current

415.0 msec/div

Current and voltage during high
current pulse. Horizontal lines at
left show open circuit voltage (upper)
and zero current (loett) before switch
is closed.

Figure 27 Oscilloscope Display To Heasure

Resistance During High Current Pulse
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Front Panel

/
Phase Angle

El E2

a 0 0 0

cal
out 40 cps 40 cps

Volts Check Current
VoltsAdjusto [

Remote Voltage Current Main Preamplifier
Sensing Sensing Output AC Power

Power

E 0
0 0

Zero Check

Top View
with

Phase Meter Removed

Power FuseAp 6 VDC
Power Supply

SC Prp-Am.p. Oscillator

(5) 45V Batteries

Figure 34 Layout of Breadboard State of Charge Meter
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